One sentence summary: The accuracy of molecular quantification of microorganisms in groundwater is dependent on normalization of the cell concentration.
INTRODUCTION
Microbial communities play integral roles in aquatic ecosystems, underpinning biogeochemical cycling and environmental biotechnologies. To unravel the complex taxonomic and functional diversity within the community, methodologies have been developed to detect, quantify and characterize microbial members, as previously reviewed (Weiss and Cozzarelli 2008; Douterelo et al. 2014) . In particular, there has been a shift towards the use of nucleic acid-based molecular techniques over traditional culture-dependent methods (Malik et al. 2008; Zinger, Gobet and Pommier 2012) .
Quantitative polymerase chain reaction (qPCR) has become the gold standard method for quantification in microbial ecology and water systems industries (Smith and Osborn 2009; Kim, Lim and Lee 2013) , and with the development of rapid and accessible DNA sequencing techniques, microbial diversity can be analyzed with greater resolution and higher throughput (Tan et al. 2015) . The technological advances and cost reduction in sequencing prompted a rise in the use of both qPCR and DNA sequencing to investigate microbial communities in groundwater (Braun et al. 2016; Uyaguari-Diaz et al. 2016) , freshwater (Ponce-Terashima et al. 2014; Severin et al. 2015; Otten et al. 2016; Siboni et al. 2016; Song et al. 2016) , seawater (Tiirik et al. 2014; Gao et al. 2015; Ng et al. 2015; Siboni et al. 2016) , aquaculture systems (Kandel et al. 2014) , bioremediation of polluted waters (Adetutu et al. 2015; Korajkic et al. 2015; Zhang, He and Yan 2015) and water treatment plants (Newton et al. 2011 (Newton et al. , 2013 Kandel et al. 2014; Lin et al. 2014; Ontiveros-Valencia et al. 2014; Peng et al. 2014) . In these studies, qPCR has been used to quantify total bacteria, specific phylogroups including known pathogens or faecal contamination indicators, and functional genes relating to water quality (toxin production, odour production, haemolysin production and antibiotic resistance), or nutrient cycling (ammonium-oxidation, iron-oxidation, ironreduction, nitrogen-fixation, nitrite-reduction, methanogenesis, percholate-reduction, sulphate-reduction and organohalide reduction). DNA sequencing has mostly been based on the bacterial or archaeal 16S rRNA gene to characterize taxonomic compositions. Several studies have used metagenomics assembly instead to investigate both taxonomic and functional biomarkers (Adetutu et al. 2015; Otten et al. 2016) .
Quantitative PCR with appropriate quality control and assurance allows accurate absolute quantification of specific DNA sequence targets (Bustin et al. 2009 ). Nevertheless, gene copy number variation remains a challenge to accurate microbial quantification. Accounting for the copy number variation of marker genes allows interpretation of microbial abundance changes in heterogenous microbial samples (Pei et al. 2010; Kembel et al. 2012; Větrovský and Baldrian 2013) . However, the feasibility is dependent on the availability of representative sequenced genomes, and accurate gene annotations. Alternatively, DNA sequencing enables rapid and in-depth determination of relative abundances, but limits the comparability between samples with different cell concentrations (Props et al. 2017) . Therefore, the integration of these two techniques (here referred to as qPCR+DNA sequencing) offers great potential for rapid quantification of multiple microbial taxa across multiple samples. To date, this integrated method has been applied in a few studies to infer the concentration of each measured taxa by transforming relative abundances of taxa to the total microbial concentration. QPCR+DNA sequencing has been validated in investigations of fungal populations in air samples (Dannemiller et al. 2014; Yamamoto, Nazaroff and Peccia 2014) , and the development of a new assay for bacterial phylogenetic groups in the gut microbiota (Hermann-Bank et al. 2013) .
Despite these advances in molecular quantification techniques, extraction of high quality DNA to give an accurate representation of the sample remains a major challenge. Although there are many DNA extraction protocols and commercial kits available, low DNA extraction efficiency and variability of efficiencies between samples still causes large errors in molecular enumeration. To estimate the DNA recovery percentage, previous studies have spiked known quantities of reference standards to be co-extracted with the sample, such as reference plasmids (Boström et al. 2004; Coyne et al. 2005; Hariganeya et al. 2013) , reference cells (Jiang et al. 2005; Khan et al. 2007) or cells with transformed reference plasmids (Widada et al. 2001; Mumy and Findlay 2004) . In this study, we demonstrate that the initial cell concentration in the sample also affects DNA recovery. As the cell concentration increases, the DNA yield per cell decreases, likely due to saturation and incomplete cell lysis during DNA extraction. Improvements to extraction methods continually focus on improving cell lysis without damaging the extracted DNA (Bag et al. 2016; Mäki et al. 2017) . Nevertheless, variation in the DNA extraction efficiency across samples with different cell densities presents a major source of errors in quantitative comparisons. This factor cannot be corrected by using reference standard-based DNA extraction efficiency normalization methods.
Here we present a simple method that specifically measures and compensates for inaccuracies in DNA-based quantification methods due to variable cell concentrations. The application of this method is demonstrated in two examples investigating the changes in abundance of methanogenic archaea and sulphatereducing bacteria in coal-associated groundwater after biostimulation to enhance biogas production.
MATERIALS AND METHODS

Field trial biostimulation and sample collection
Coal seam-associated groundwater was sampled through bore holes drilled 80 m below ground level into a coal seam at a field trial site at the Lithgow State Coal Mine, NSW, Australia from July 2011 to February 2014. Four bore holes were sampled in this study. Treatment wells consisted of an injection of dissolved nutrients (1.8 mM ammonium chloride and 1.9 mM anhydrous di-sodium hydrogen orthophosphate) with 100 mg calcium peroxide or 20 mM acetate to stimulate methanogenesis. The control well remained untreated. Samples were collected every 3 months from 0 to 15 months. Data from all wells at all time points were used in DNA extraction recovery and normalization analysis. Data at all time points from only the control well and the nutrient + acetate amendment well were used in application of qPCR + DNA sequencing.
At each time point, depending on the particulate content and microbial cell concentration, 3-20 L groundwater was filtered using Supor R polyethersulfone membrane disc filters (Pall Corporation, Port Washington, NY) with 0.1 μm pore size. Filter samples were stored in 5 mL RNAlater R Stabilization Solution (Life Technologies, Carlsbad, CA) and 5 mL Tris-EDTA buffer (pH 8) at −20
• C until DNA extraction.
Microscopy cell counting
Water samples were fixed with glutaric dialdehyde (2% final concentration) and stored at 4
• C in the dark. Cells were enumerated as previously described (Lunau et al. 2005) . Microscopic slides were treated with a mounting medium containing 9.6% polyvinylalcohol 4-88 (moviol 4-88, Sigma-Aldrich, St. Louis, MO) and 24% glycerol (Sigma-Aldrich). The water samples were quickly vortexed for homogenization, then a 20 μL aliquot was transferred and equally distributed to a marked area of 20 × 20 mm on the slide. Cells were stained with 8 μL of staining solution and incubated for 30 min the dark. The staining solution contained 5 μL SybrGreen I stock solution (Sigma-Aldrich), 5 μL of 1M ascorbic acid freshly prepared in 10x PBS buffer and 500 μL mounting medium (as described above). Cells were visualized using a blue excitation filter (Ex 450-490) (Zeiss, Oberkochen, Germany) with a BX51 epifluorescence microscope (Olympus, Tokyo, Japan). A minimum of 400 cells from at least 10 fields of view were enumerated per sample using the 40-fold objective (Olympus). Water samples with high cell concentrations were diluted as necessary and aliquoted to a new slide, then stained and enumerated using the same method.
DNA extraction
DNA was extracted from a quarter of each filter sample using a modified bead-beating and phenol/chloroform protocol (Lueders, Manefield and Friedrich 2004). All centrifugation steps were carried out at 20 000 × g unless otherwise stated. The filter samples were suspended in 2 mL TNS buffer (500 mM tris (pH 8), 100 mM NaCl, 10% (w/v) SDS) and 7 mL 120 mM NaPO 4 buffer. Cells were lysed by bead-beating with Lysing Matrix E (MP Biomedicals, Santa Ana, CA) and vortexed for 3 min. After centrifugation for 4 min at 10
• C, contaminants were removed from the aqueous phase with an equal volume of phenol/chloroform/isoamylalcohol (25:24:1) (pH 8) (Sigma-Aldrich). The solution was mixed by inversion and then centrifuged for 4 min at 10
• C. The aqueous phase was further purified with equal volumes of chloroform/isoamylalcohol (24:1). After a second time of mixing and centrifugation, DNA in the aqueous phase was precipitated with 2 volumes of 30% (w/v) polyethylene glycol 6000. After incubation overnight at −20 • C, the sample was centrifuged for 30 min at room temperature. The DNA pellets were washed with 500 μL 4
• C 70% ethanol then centrifuged for 4 min at room temperature at 15 500 × g. The supernatant was removed and the pellet was dried at room temperature before being resuspended in 50 μL molecular biology grade water.
Calculation of total cell number and DNA recovery ratio
The DNA concentration of each sample after extraction was measured with a Qubit R dsDNA BR Assay Kit (Invitrogen, Life Technologies, Carlsbad, CA) using a 1:2 and 1:10 dilution of DNA. The reading at the highest dilution within the limit of detection was used to reduce inaccuracies caused by contaminants. The DNA yield was converted to g/mL groundwater by accounting for the dilution factor, eluate volume and filtered groundwater volume. A DNA recovery ratio was calculated for each sample by comparing the cell number calculated from the DNA yield against the cell count by microscopy, according to Equation 1.
Where for each sample i, R is the DNA recovery ratio, Y is the DNA yield measured by Qubit (g/mL), M is the microscopy total cell count (cells/mL) and D is the mean mass of DNA per cell (g/cell). In this study, D = 5 × 10 −15 g , as calculated by previously published measurements of samples from aquatic environments (McCoy and Olsen 1985; Paul, Jeffrey and DeFlaun 1985; Button and Robertson 2001) .
Real-time qPCR conditions
QPCR was used to enumerate total bacteria, total archaea, methanogenic archaea and sulphate-reducing bacteria by absolute quantification using the standard curve method with primers as published previously (Table S1 , Supporting Information). Plasmid standards for qPCR were prepared with the pGEM R -T Easy Vector System (Promega, Madison, WI) using bacterial 16S rRNA PCR products from a pure culture of Dehalococcoides mccartyi (195T), dissimilatory sulphite reductase subunit A (dsrA) PCR products from a pure culture of Desulfovibrio vulgaris (DSM 2119), and archaeal 16S rRNA and methyl coenzyme M reductase A (mcrA) PCR products from a pure culture of Methanococcoides burtonii (DSM 6242). Plasmid inserts were verified by Sanger sequencing using the T7 promoter primer (5'-TAA TAC GAC TCA CTA TAG GG-3'), which binds upstream of the multiple cloning region on the pGEM R -T Easy plasmid (Promega).
QPCR reactions contained 12 μL iQ SYBR R Green Supermix (Bio-Rad, Hercules, CA), 0.28 μM forward and reverse primers and 2 μL of 1:10, 1:50, 1:100 or 1:500 diluted DNA template in a total volume of 25 μL. Thermal cycling was performed with a CFX96 Real-Time System in a C1000 Thermal Cycler (Bio-Rad), and comprised of 95
• C initial denaturation for 15 min, followed by 50 cycles of amplification with 10 s denaturation at 94
• C, 20 s annealing at primer-specific temperatures and 30 s extension at 72 • C. Fluorescence was measured at the end of each amplification cycle. Melting curve analysis was performed by increasing the temperature from 50
• C to 99
• C using 1 • C increment every 10 s. The primer sets and annealing temperatures are listed in Table S1 (Supporting Information). The qPCR standard ranged from 10 2 to 10 8 copies/mL, defining the copy number detection limits. PCR efficiencies and R 2 of standard curves are detailed in Table S1 (Supporting Information). Each sample was measured in triplicate and cell abundances were calculated by accounting for the volume of groundwater sampled, the volume eluted after DNA extractions, dilutions prior to qPCR and gene copy numbers.
QPCR cell abundance normalization
To account for variations in gene copy numbers, qPCR values were adjusted with Equation 2. To compensate for the variability in DNA recovery from each sample, Equation 3 was used to normalize qPCR measured cell abundances with the respective DNA recovery ratios.
Where for each sample i, C is the qPCR measured gene abundance (copies/mL),C is the gene copy number adjusted qPCR abundance (cells/mL),Ĉ is the DNA recovery normalized abundance (cells/mL) and R is the DNA recovery ratio. P is the copy number per cell for each target gene j (copies/cell). In this study, the 16S rRNA copy number per sample was calculated by averaging the copy numbers of the taxa in the rrnDB v5.1 (updated 16th February 2017) with the same taxonomic assignments (Klappenbach et al. 2001; Stoddard et al. 2015) . However, up to 50% sequences in the sample were not classified to genus level, causing a large uncertainty in the estimation of bacterial 16S copy number. Therefore, in this studyĈ was calculated from C rather thanC in Equation 3. Single copy per genome was used for the mcrA and dsrA genes (Steinberg and Regan 2009; Müller et al. 2015) .
DNA sequencing
DNA samples were sequenced at the Hawkesbury Institute for the Environment, Western Sydney University, Australia, using the 454-FLX for forward single-end sequencing, with the universal primers 926F/1392R (Matsuki et al. 2002) . Sequences were analyzed using mothur with the 454 standard operating procedure pipeline with a cut-off at 0.03 (Schloss et al. 2009; Schloss, Gevers and Westcott 2011) . Sequences shorter than 250 base pairs were discarded, chimeras were checked using the UCHIME algorithm (Edgar et al. 2011) , and the remaining sequences were classified using the SILVA database to genera level or above (Quast et al. 2013) . The mean and standard deviation of raw sequence read lengths was 480 ± 24 base pairs. Rarefaction curves are shown in Figure S1 (Supporting Information).
QPCR+DNA Sequencing
To calculate absolute abundances of multiple methanogenic archaea and sulphate-reducing bacteria taxa, Equation 4 was used to combine qPCR of functional genes (mcrA or dsrA) with DNA sequencing of the 16S rRNA gene.
Where for each taxon k, A is the calculated absolute abundance (cells/mL),Ã is the gene copy number adjusted relative abundance measured by DNA sequencing. The 16S rRNA copy number per sample was calculated by averaging the copy numbers of the taxa in the rrnDB v5.1 (updated 16th February 2017) with the same taxonomic assignments (Klappenbach et al. 2001; Stoddard et al. 2015) . An example is shown in Table S2 (Supporting Information). For each sample i,Ĉ is the copy number adjusted and DNA recovery normalized qPCR functional gene abundance (cells/mL).
Statistical analysis
All analyses were performed with GraphPad Prism software v7.02. Correlation (r) was measured with Pearson's correlation coefficient to compare DNA yield against microscopy cell counts. Three sets of qPCR values were compared: original qPCR (C), 16S adjusted qPCR values (C) and DNA recovery normalized qPCR values (Ĉ).The deviation of each set of qPCR values from the microscopy cell counts was measured by comparing the fit of a linear least squares regression model against the expected values if the qPCR data equals the microscopy data (y = x). These comparisons were calculated using the difference in the small sample size corrected version of Akaike's information criteria ( AICc). A lower AICc indicates a better fit to the data, and a smaller AICc indicates that the two fits being compared are more similar (C orC orĈ vs y = x).
RESULTS AND DISCUSSION
DNA extraction yield correlates with cell concentration
Previous studies reported that DNA recovery is not affected by the sample cell density (Mumy and Findlay 2004 ; Urakawa, Martens-Habbena and Stahl 2010), whereas others described that increased sample volumes corresponded to reduced DNA recovery (Boström et al. 2004) . Here, we measured the DNA extraction yield and microscopy cell counts from 25 groundwater samples from a biostimulation field trial designed to enhance biogas production from a coal seam where cell abundances varied over four orders of magnitude. The mean DNA yield per cell had a strong negative correlation with cell counts (r = −0.92, P < 0.0001) (Fig. 1) . The deviations from the mean at each cell count may to a certain extent be explained by different microbial compositions between samples containing different genome sizes. However, the largest variation in mean DNA yield at low cell counts (approximately 10 4 cells/mL), ranging from 9 to 174 fg/cell, is likely due to extracellular DNA or environmental DNA (eDNA). The eDNA has high binding affinity to certain filter materials (Boström et al. 2004; Liang and Keeley 2013) . In fact, recent studies of aquatic environments have specifically focused on the recovery and analysis of eDNA (Thomsen and Willerslev 2015; Djurhuus et al. 2017; Majaneva et al. 2018) . But for studies on microbial cells, co-recovery of eDNA causes overestimation of DNA yield at low cell counts, as indicated at cell concentrations below 10 5 cells/mL in Fig. 1 .
According to previous reports, the mean mass of DNA in water samples is 5 fg/cell (McCoy and Olsen 1985; Paul, Jeffrey and DeFlaun 1985; Button and Robertson 2001) . In our data, at 10 5 cells/mL, the mean DNA yield was 4.93 fg/cell, compared to 0.92 fg/cell at 10 6 cells/mL, and down to 0.03 fg/cell at 10 8 cells/mL. Overall, the decreasing mean DNA yield with increasing cell counts suggests that there is a limit to the quantity of DNA that can be extracted, leading to significant underestimations in quantification of samples with high cell concentrations.
Normalization of DNA extraction recovery
We observed that the cell density affected DNA recovery. Previous methods using external references may only accurately normalize the target if the input concentration is similar. Therefore, we propose a simple, direct and adaptable method that can compensate for the differences in extraction efficiency over a wide range of initial cell concentrations by using cell counts that are independent of the recovery of extracted DNA. For each sample, the total DNA yield was compared against the expected DNA yield according to a total cell count and the mean mass of DNA per cell (Equation 1 in Materials and Methods). In this study, the total cell count was performed by nuclear staining with SYBR Green I and visualized by microscopy, but this method can be easily adapted to other cell staining techniques, such as acridine orange, DAPI or fluorescence in situ hybridization (Douterelo et al. 2014) . Other enumeration methods such as flow cytometry can be replaced in Equation 1. Viable cell dyes such as the Live/Dead BacLight Bacterial Viability Kit (Thermo Fisher Scientific, Waltham, MA) can be used in conjunction with DNA-based quantification methods that also select for DNA in viable cells, as previously reviewed (Cangelosi and Meschke 2014) .
Here, the mean mass of DNA per cell in groundwater samples used is 5 × 10 −15 g/cell (McCoy and Olsen 1985; Paul, Jeffrey and DeFlaun 1985; Button and Robertson 2001) , but the mean mass should be changed according to different sampled environments. The recovery ratio can then be applied to DNA-based quantification of any gene to normalize variations in extraction efficiency due to cell concentration.
Application of DNA recovery ratio normalization to cell enumeration
Normalization of variable cell input is demonstrated in the enumeration of total bacteria and archaea with qPCR in the same 25 groundwater samples. The total microbial cell abundance was measured by microscopy with SYBR Green I nuclear staining, and by qPCR targeting the bacterial 16S rRNA and archaeal 16S rRNA genes. The mean bacterial and archaeal 16S rRNA gene copy numbers per sample were calculated based on the relative abundance of taxa derived from the DNA sequencing data, and used to adjust the qPCR values (Equation 2 in Materials and Methods). The original qPCR values were also normalized with the calculated DNA recovery ratio for each sample (Equation 3 in Materials and methods). The original qPCR values, 16S adjusted qPCR values and DNA recovery normalized qPCR values were compared against microscopy cell counts (Fig. 2) . The deviation of the qPCR calculated cell abundances from the microscopy cell counts is measured by the difference between the linear least squares regression of each of the qPCR data sets, and the expected values if the qPCR and microscopy data were equal. The original qPCR measurements reflects the microscopy cell counts poorly, as expected from the DNA extraction yields shown in Fig. 1 . Cell abundances tend to be overestimated when below 10 5 cells/mL, and underestimated when above 10 6 cells/mL. The 16S adjusted qPCR values did not improve the concordance of qPCR with microscopy data, with 13.13 difference in AICc compared to 7.04 for original qPCR values (Fig. 2) . This is likely due to large uncertainties in the estimation of bacterial 16S copy numbers. Up to 50% sequences in the sample could not be classified to genus level, hence the copy numbers available on rrnDB v5.1 did not accurately reflect the microbial composition of the water samples, indicating that 16S adjustment is inappropriate for these samples. Comparatively, the difference between the qPCR and microscopy data was reduced after DNA extraction efficiency normalization (0.94 difference in AICc). Applying normalization thus allows a more accurate representation when using DNA-based quantification methods. Appropriate normalization is especially important in multiple sampling or long-term observations to ensure that the data is accurate and comparable across samples. For example in monitoring contamination, pathogens, bioremediation, biostimulation or other target microbes in the environment or industrial applications.
Integration of normalized cell functional abundance with taxonomic distribution
To date, a few studies have quantified total target populations using qPCR combined with relative abundances of taxa measured by DNA sequencing (Hermann-Bank et al. 2013; Danne- miller Yamamoto, Nazaroff and Peccia 2014) . This method has not yet been applied to studies of aquatic environments, instead, total cell counts by flow cytometry were integrated with DNA sequencing (Prest et al. 2014; Liu et al. 2016; Props et al. 2017) . Apart from using qPCR+DNA sequencing for quantification of taxonomic distribution, qPCR of functional genes can also be paired with DNA sequencing to identify target microorganisms in a groundwater community. Two field data examples are used to demonstrate the changes in the abundance of methanogenic archaea and sulphate-reducing bacteria in groundwater from a non-gassy coal seam after biostimulation with acetate, a substrate for acetoclastic methanogenesis. The abundance of total methanogenic archaea and sulphatereducing bacteria was measured by qPCR targeting the methyl coenzyme M reductase A (mcrA) and dissimilatory sulphite reductase subunit A (dsrA) genes respectively, and normalized using the DNA recovery ratio (Equation 3). DNA sequencing was used to measure the relative abundance of all archaea and bacteria using the 16S rRNA genes. Known methanogenic archaeal genera and sulphate-reducing bacterial genera were identified, and relative taxonomic abundances were combined with qPCR functional quantification (Equation 4 in Materials and Methods). By using normalized, quantitative qPCR+DNA sequencing, some limitations associated with the semi-quantitative nature of relative abundances can be overcome, as discussed with examples from Figs 3-4.
Microbial distribution in relative abundance may not be functionally relevant Based on sequencing data alone, the untreated control samples showed higher richness in sulphate-reducing bacteria genera compared to the biostimulated samples. With qPCR+DNA sequencing, it is evident that in the untreated controls, the total cell abundance was consistently low <10 4 cells/mL. Hence, the microbial diversity seen from sequencing may not equate to functional importance. As a second example, sequencing analysis of untreated control samples indicated a shift in the relative abundance of Methanosaeta to other methanogenic genera over the first 3 months, but in fact these methanogenic genera represented very low abundances (<10 2 cells/mL), and no methane production was detected in the field trial (data not shown). Taxa with low relative abundances may be misinterpreted as 'rare' Throughout the biostimulation treatment, Methanosarcina, Methanosaeta and Methanoregula together contributed to over 97% relative abundance of methanogenic archaea. Comparatively, Methanoculleus was only detected 12 months after biostimulation, at 0.06% relative abundance. Although Methanoculleus appears to be a 'rare' genus, qPCR+DNA sequencing indicates that Methanoculleus at 12 months was similar in abundance to Methanosaeta at 0 months (1.5 × 10 3 cells/mL). As such, interpretations of relative abundances must be treated with caution, and comparisons can only be made within the same sample, or across samples with the same cell densities.
Changes in relative abundance across samples are not proportional to the changes in absolute abundance After 6 months of biostimulation, sequencing results detected that Methanosaeta decreased in relative abundance (from 71% down to 13%). Conversely, qPCR+DNA sequencing indicated that the apparent decrease in relative abundance is due to a large increase in total cell numbers (from 2.1 × 10 3 cells/mL to 1.4 × 10 7 cells/mL), and the absolute abundance of Methanosaeta had in fact increased by three orders of magnitude (from 1.5 × 10 3 cells/mL up to 1.8 × 10 6 cells/mL).
As a second example, the relative abundance of Desulfovibrio increased from 0 to 3 months in both the control sample (from 17% to 64%), and the biostimulated sample (from 19% to 26%). However, qPCR+DNA sequencing shows that both had increased by two orders of magnitude. As shown, based on DNA sequencing data alone, it is difficult and often inaccurate to draw conclusions across samples with varying cell densities.
Absolute quantification complements relative abundances to offer new insights into the microbial activity
In the control and biostimulated samples, the relative abundances of sulphate-reducing bacteria that were not classified down to genus level reached up to 58% and 78%, respectively. Correspondingly, qPCR+DNA sequencing showed that the highest abundance of 'other sulphate-reducers' reached 1.5 × 10 7 cells/mL, suggesting that sulphate-reducing genera that have not been sequenced previously may be key players in this groundwater community.
As a second example, Syntrophobacter, Desulfosporosinus and Desulfotomaculum were present at the start of the biostimulation trial, and were not detected until 6, 9 and 12 months, respectively, at high abundances (>10 5 cells/mL). This pattern suggests that these genera displayed a delayed response to treatment. Relative abundances can skew interpretations of microbial community compositions if the cell abundance is unknown, but integration with absolute quantification provides a more comprehensive overview.
CONCLUSION
The combination of qPCR+DNA sequencing for the taxonomic characterization of functional genes is particularly useful when studying the microbial ecology of environmental samples, or mixed cultures with multiple or unknown taxa in environmental biotechnology and industrial applications. Additionally, with this approach, the abundance of phylogenetically diverse members belonging to the same functional group can be inferred. For example, there are over 60 known genera of sulphate-reducing bacteria (Barton and Fauque 2009) , which can all be monitored concurrently using qPCR+DNA sequencing. The main limitation of this method is that it can only be applied in situations where potential members of a functional group are known. Nevertheless, with the current ease of genomic sequencing, microbial databases are continuously expanding (Land et al. 2015; Zhulin 2015) . Overall, normalized qPCR+DNA sequencing is a molecular diagnostic tool with the potential to further understanding of microbial community dynamics, applicable to ecological, biotechnological and industrial processes with large fluctuations in microbial concentrations.
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